The genus Listeria includes (i) the opportunistic pathogens L. monocytogenes and L. ivanovii, (ii) the saprotrophs L. innocua, L. marthii, and L. welshimeri, and (iii) L. seeligeri, an apparent saprotroph that nevertheless typically contains the prfA virulence gene cluster. A novel 10-loci multilocus sequence typing scheme was developed and used to characterize 67 isolates representing six Listeria spp. (excluding L. grayi) in order to (i) provide an improved understanding of the phylogeny and evolution of the genus Listeria and (ii) use Listeria as a model to study the evolution of pathogenicity in opportunistic environmental pathogens. Phylogenetic analyses identified six well-supported Listeria species that group into two main subdivisions, with each subdivision containing strains with and without the prfA virulence gene cluster. Stochastic character mapping and phylogenetic analysis of hly, a gene in the prfA cluster, suggest that the common ancestor of the genus Listeria contained the prfA virulence gene cluster and that this cluster was lost at least five times during the evolution of Listeria, yielding multiple distinct saprotrophic clades. L. welshimeri, which appears to represent the most ancient clade that arose from an ancestor with a prfA cluster deletion, shows a considerably lower average sequence divergence than other Listeria species, suggesting a population bottleneck and a putatively different ecology than other saprotrophic Listeria species. Overall, our data suggest that, for some pathogens, loss of virulence genes may represent a selective advantage, possibly by facilitating adaptation to a specific ecological niche.
Population genetics-based and phylogenetic studies have greatly contributed to the understanding of the evolutionary history and ecology of bacterial pathogens. In particular, multilocus sequence analyses (MLSA) and single-nucleotide polymorphism (SNP)-based population genetics research have revealed the microevolutionary patterns of species complexes like the Bacillus cereus complex (12) or the microevolution of well-known pathogens like Yersinia pestis (2) , Salmonella enterica serovar Typhi (57) , and Mycobacterium tuberculosis (18) . One of the common findings of these studies is that obligate pathogens generally have a genetically clonal population structure as inferred by MLSA (1) , while the population structure of free-living facultative pathogenic bacteria is characterized by relatively high genetic variability (12, 70) . It has been hypothesized that these differences in population structure are related to the fact that some obligate pathogens represent epidemic clones (38) , i.e., clonal lineages whose members have an epidemiological advantage compared to other lineages and are therefore able to quickly spread within the population. Because this dispersal of the members of an epidemic clone occurs rapidly, there is not enough time to accumulate mutations.
In this paper we present a phylogenetic and population genetics study of the genus Listeria. This genus consists of six closely related pathogenic (L. monocytogenes and L. ivanovii) and nonpathogenic (L. innocua, L. welshimeri, L. seeligeri, and a newly described species, L. marthii) species as well as a distantly related species, L. grayi (22) . Another new species, L. rocourtiae, has been recently reported (33) , but isolates were not available for inclusion in the study reported here. Because of the distant phylogenetic relatedness of L. grayi to the other Listeria species, it has been suggested that this species should be put in a separate genus, Murraya (63); L. grayi was thus not included in our study reported here. L. monocytogenes and L. ivanovii are facultative pathogens of warm-blooded animals and are the causative agents of a severe infectious disease, listeriosis (67) . While L. monocytogenes has a wide host range, including humans, the host range of L. ivanovii seems to be largely restricted to ruminants, in particular sheep (13) , even though some human listeriosis cases caused by L. ivanovii have been reported (34) .
Key virulence genes in Listeria include (i) six genes (prfA, plcA, hly, mpl, actA, and plcB) clustered in a genomic element, designated the prfA virulence cluster or the Listeria pathogenicity island (LiPI), and (ii) members of the internalin family (61) . Genes in the prfA cluster encode functions that that are necessary for inter-and intracellular motility and intracellular survival in the host cell. While some internalin genes encode proteins essential for host cell invasion (e.g., inlA and inlB) (3), inlC has recently been shown to encode a protein critical for cell-to-cell spread (52) , and the functions of a number of other internalin proteins still remain to be elucidated (40) . A number of internalin genes are also organized in clusters, including the inlAB operon, the inlGHE operon (which can also be present as an inlGC2DE or as an inlC2DE operon), which is found in L. monocytogenes and an L. ivanovii species-specific pathogenicity island encoding sphingomyelinase and numerous internalins (13) . Importantly, the presence or absence of the prfA cluster and virulence characteristics can also be used to classify Listeria species and clades into three groups, including (i) species that do contain the prfA virulence cluster and are known pathogens, like L. monocytogenes and L. ivanovii, (ii) species that lack the prfA virulence cluster and are nonpathogenic (L. marthii and L. welshimeri), and (iii) species in which the presence of the prfA virulence cluster varies by strain. The last group contains L. seeligeri, which is nonpathogenic, although the majority of strains in the population contain the prfA virulence cluster (69) , and L. innocua, which is also nonpathogenic, and although most strains lack the prfA virulence cluster, a small proportion of strains do carry this cluster (31, 68) . The facts that the genus Listeria contains closely related nonpathogenic and pathogenic species and that strains with and without the prfA cluster within the same species make this genus an interesting model system for studies on the evolution of pathogenicity in opportunistic environmental pathogens. In addition, an improved understanding of the phylogeny and evolution of pathogenic and nonpathogenic Listeria spp. will also help in the development of appropriate assays for the specific detection and identification of human and animal pathogenic Listeria strains as well as regulations and intervention strategies that specifically target pathogenic species and strains.
were initially selected as possible target loci for a 10-gene MLST scheme, the presence of the loci in all six targeted Listeria spp. was confirmed by initial PCR amplification and sequencing of the targeted loci in a subset of 16 isolates (Table 1) .
PCR primers were designed with the online version of PriFi (19) and alignments of the target gene sequences, which were created using sequence data obtained from the genome sequences for L. monocytogenes isolates EGD-e (GenBank accession number AL591824) and F2365 (GenBank accession number AE017262), L. innocua CLIP 11262 (GenBank accession number AL592022), and L. welshimeri SLCC5334 (GenBank accession number AM263198).
PCR amplification and sequencing. PCR amplification of the targeted gene fragments was performed using either genomic DNA prepared with the QIAamp DNA minikit (Qiagen, Valencia, CA) or a cell lysate; cell lysates were prepared in 100 l 1ϫ PCR buffer using lysozyme (2 mg/ml final concentration) and proteinase K (200 g/ml final concentration), similar to a procedure described by Furrer et al. (20) . PCR was performed in 50-l reaction mixtures containing 0.5 l of template, 10 l of 5ϫ PCR buffer, MgCl 2 at a final concentration of 1.5 mM, deoxynucleotide triphosphates at a final concentration of 200 M each, forward and reverse primers at a final concentration of 0.5 M each, and 0.5 l of Taq polymerase (5 U/l; GoTaq Flexi; Promega, Madison, WI). PCR conditions for all loci were similar and included (i) one cycle at 95°C for 5 min; (ii) 20 touchdown cycles with 95°C for 30 s, 65°C for 30 s with a decrease of the annealing temperature by 0.5°C per cycle, and 72°C for 1 min; (iii) 20 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and (iv) one cycle at 72°C for 5 min. Some loci were amplified using a hot start protocol (see Table 2 for further details and primer sequences).
Sequence alignments. Alignments were constructed in MacClade 4.08 (35) . Since all of the loci are protein-coding genes without insertions or deletions, the pair-wise alignment option in MacClade was used for automatic alignment.
Descriptive analyses. DnaSP 4.90.1 (58) was used to calculate the average number of pair-wise nucleotide differences per site (), the average number of pair-wise nucleotide differences per sequence (k), the number of polymorphic sites, the number of mutations, the number of alleles, the GC content, Tajima's D value (test for neutrality of the data [65] ), the number of synonymous and nonsynonymous mutations, and the rate of nonsynonymous-to-synonymous changes with a Jukes-Cantor correction.
Recombination analyses. A Sawyer test (60), implemented in GENECONV, and the PHI (pair-wise homoplasy index) statistic (7), implemented in PhiPack, were used to test for evidence of intragenic recombination; the default settings were used for both methods. Extensive simulation studies (7, 49) have shown that these methods are less prone to type I errors, as opposed to neighbor similarity score (NSS) (29) and maximum chi-square (37) statistics.
Structure analysis. To infer the ancestry of different clades identified among the sequence types (STs) in our data set, we performed an analysis using the linkage model of the program STRUCTURE (16); these analyses were performed essentially as described previously (11) .
Positive selection analyses. PAML 4.1 (75) was used to test for evidence of positive selection within the 10 loci. Specifically, two tests for positive selection were performed, including (i) a likelihood ratio test for the overall presence of positive selection within a locus, based on model M1a (nearly neutral) compared to model M2a (positive selection) (74) , and (ii) the branch site test 2 as described by Zhang et al. (77) , which is a likelihood ratio test for the presence of positive selection in a specific branch within a phylogeny. In most cases the branches leading to the individual species were tested; however, in cases where a species could be subdivided into several distinct branches (e.g., lineages I, II, III, and IV in L. monocytogenes) these branches were also tested for evidence of positive selection (branches tested in these analyses represented the actual branches found in a given gene tree; these did not necessarily always correspond to major phylogenetic lineages [see. Fig. S2 in the supplemental material]). For both tests, the gene trees used were constructed with the neighbor-joining algorithm in PAUP* 4.010b (64) using sequences for all unique allelic types.
Phylogenetic reconstruction. BEAST 1.5.2 (14, 15) was used to construct separate phylogenies with a relaxed molecular clock model for each individual locus and to infer the position of the root of the tree in the absence of a suitable (closely related) outgroup. An advantage of the use of the relaxed molecular clock model is that it gives a summary statistic of the clockliness of the data, r . If r is 0 then the sequence data are perfectly clocklike, i.e., there is no variation in the branch rates. Larger values of r correspond to increased rates of heterogeneity among branches. If the 95% highest posterior probability density of r contained 0, a comparison with a strict clock model was performed using the Bayes factor as calculated using Tracer 1. http://tree.bio.ed.ac.uk/software/tracer/). The analyses were performed assuming a coalescent process with a constant population as a prior for intraspecific relationships and a Yule model (76) of speciation as a prior for the interspecific phylogenetic relationships. PHYML version 3.0 (25) was used to infer maximum likelihood (ML) phylogeny and bootstrap values based on concatenated sequences for the 10 loci. The hierarchical likelihood ratio test in Modeltest 3.7 (50) was used to select the model of nucleotide evolution for this analysis; a general time-reversible nucleotide substitution model with variant sites assumed to follow a gamma distribution and a probability I of sites being invariant (GTRϩGϩI) was identified as the best model and was used. ML bootstrap support (17) was inferred from 100 bootstrap replicates.
Reconstruction of evolutionary history of the prfA cluster in Listeria. To infer the evolutionary history of the prfA virulence gene cluster in Listeria, we used both parsimony-based (35) and stochastic/maximum likelihood-based (36) criteria to map the character evolution of the cluster on the phylogeny of Listeria. To map the character evolution on the phylogeny using the parsimony criterion, MacClade 4.08 (35) was used. Stochastic character mapping was performed with Mesquite (36) .
To allow for these analyses, all strains were tested for the presence or absence of hemolytic activity using the Christie, Atkins, Munch, Petersen (CAMP) test (24) . Hemolytic activity is associated with the presence of the hemolysin gene, which is found in the prfA virulence cluster. As the CAMP test for a number of L. seeligeri isolates was inconclusive (due to very weak hemolysis), a PCR assay was performed to test for the presence or absence of the L. seeligeri hemolysin gene (forward primer, 5Ј-GGGATCCGCATAGGAAAAATAATGGAGTAAA CAGC-3Ј; reverse primer, 5Ј-GCGGCCGCTTATTTTATGGTGTGTGTGTTA AGCG-3Ј). The presence of the hemolysin gene in the atypical CAMP-positive L. innocua isolates (FSL W3-075 and FSL J1-023) was further confirmed by PCR and sequencing of part of the hemolysin gene, and strain identity was confirmed by resequencing part of the sigB locus in these isolates.
To further probe the evolutionary history of the prfA cluster, we also constructed a phylogeny for the hemolysin gene (hly, which is located in the prfA cluster) for a subset of isolates that were found to be hly positive. These analyses were performed with 10 hly gene sequences that were available from publicly available genome sequences (L. monocytogenes EGD-e, F2365, and FSL J1-072 [see Table 1 for GenBank accession numbers]) and the following individual sequences (GenBank accession numbers in parentheses):
The coding nucleotide sequences for hly were (manually) aligned in MacClade 4.08. Maximum likelihood analyses were performed using PAUP* version 4.010b (64) . The hierarchical likelihood ratio test in Modeltest 3.7 (50) identified the Tamura Nei model with variant sites assumed to follow a gamma distribution (TrNϩG) as the appropriate model to infer the hly phylogeny; ML bootstrap support (17) was inferred from 100 bootstrap replicates. The resulting hly phylogenetic tree was compared to the phylogenetic tree inferred from the 10 gene MLSA for the same isolates.
Nucleotide sequence accession numbers. Sequences and alignments for all 10 loci (ldh, lmo0490, prs, sigB, polC, rarA, LMO1555, pbpA, addB, and LMO2763) have been deposited in GenBank (accession numbers GU475501 to GU475964).
RESULTS
Descriptive analysis of sequence data. Among the 66 isolates (including 50 isolates sequenced here and sequence data obtained from 16 genome sequences [ Table 1 ]), the 10 MLST loci yielded between 36 (prs) and 50 (lmo0490) allelic types ( Table 3 ). The overall divergence between allelic types, as measured by (the average number of pair-wise nucleotide differences per site) ranged from 0.0779 for lmo2763 to 0.2457 for lmo1555 (Table 3) . was chosen as a measure of sequence diversity, as this value is less affected by gene length or the number of sequences. L. monocytogenes was the most diverse species, as it showed the highest average value for all 10 loci (0.0484), which is likely a reflection of the fact that this species is represented in four distinct lineages (see below). L. welshimeri showed the lowest diversity (with an average for all 10 loci of 0. FSL S4-182 ......................................................................................... a Isolates listed included 50 isolates for which genes sequences for the 10 MLST loci were determined here as well as 16 isolates for which sequence data were derived from existing genome sequences (these isolates are marked with a * ); isolates that were used for initial MLSA development are marked with a †.
b This isolate was originally deposited with ATCC as L. ivanovii, and it is listed by ATCC as L. ivanovii subsp. ivanovii; trees for all 10 loci group this isolate into the L. ivanovii subsp. londoniensis clade (see Fig. 3 are indicative of a population bottleneck or a selective sweep (43) . Recombination. Overall, 4 of the 10 loci showed statistical evidence for intragenic homologous recombination in at least one of the two recombination tests used (i.e., Sawyer Test and PHI) ( Table 4) . Only one locus, lmo0490 (encoding shikimate 5-dehydrogenase), showed significant (P Ͻ 0.01) evidence of intragenic recombination with both the Sawyer test and the PHI statistic. The output for the Sawyer test indicated that two separate fragments of this sequence were involved in recombination, including (i) a 174-bp fragment near the 5Ј end of the alignment, which appears to represent a recombination event between the lmo0490 allele found in the hemolytic L. innocua FSL J1-023 (acceptor) and the allele found in L. marthii FSL S4-710 (donor), and (ii) a 163-bp fragment, which appears to represent a recombination event between the lmo0490 allele found in another hemolytic L. innocua isolate, FSL W3-075 (acceptor), and the allele found in L. monocytogenes lineage IIIA isolate FSL F2-525 (donor).
The Sawyer test further found significant (P Ͻ 0.01) evidence for recombination within the prs locus, while the PHI statistic found no significant signal of recombination for this The PHI statistic also found statistically significant evidence (with P values between 0.01 and 0.05) for recombination in ldh and polC (with no significant evidence for recombination in these genes based on Sawyer's test); as recombination tests were performed for 10 loci and no correction for multiple comparisons was performed, we deemed these findings as likely false positives (a Bonferroni corrected P value cutoff would have been Ͻ0.005).
Structure analysis. Structure analysis was performed to identify (i) putative recombination between different Listeria species and (ii) recombination between different lineages (for L. monocytogenes lineages I, II, III, and IV) or subspecies (for L. ivanovii subsp. ivanovii and L. ivanovii subsp. londoniensis). Structure analysis at the species level indicates very distinct allelic compositions between species, with a few notable exceptions. Specifically, the structure analysis showed that a considerable part of the loci of the three L. marthii isolates is derived from L. monocytogenes lineages I, II, and III and L. innocua. It appears that most of the L. monocytogenes and L. innocua gene content in L. marthii represents different recombination events, including (i) acquisition, by L. marthii, of part of sigB from L. innocua and (ii) acquisition of a complete locus (lmo2763) and an almost-complete locus (pbpA) from L. monocytogenes (Fig. 2B) . These events would not have been detected by the Sawyer test or the PHI statistic; however, the recombination event in lmo2763 was supported by phylogenetic analyses of the individual loci (see below). Structure analysis also showed that the lmo0490 locus in L. seeligeri includes a sequence fragment introduced from L. ivanovii by homologous recombination. In addition, selected L. innocua sequence types showed evidence for recombination with other species, most notably the ST of the hemolytic L. innocua isolate FSL J1-023, which includes parts of several loci (lmo1555, polC, and prs) that appear to have been introduced into the genome from L. monocytogenes and L. marthii.
Structure analysis of the four L. monocytogenes lineages (72) showed a considerable amount of shared alleles as well as a considerable allelic composition that is unique to lineages III and IV (Fig. 2) ; lineages I and II and lineages III and IV share a considerable proportion of their alleles. In addition, lineage IV (which has also previously has been described as lineage IIIB [55] ) contains some L. innocua alleles, which appear to largely represent horizontal gene transfer of part of sigB from L. innocua to L. monocytogenes lineage IV. The two L. ivanovii subspecies show Ͼ90% shared alleles, a considerably higher shared proportion of alleles than for the alleles shared between L. monocytogenes lineages I/II and lineages III/IV. L. ivanovii subsp. londoniensis shows some lmo2763 alleles that appear to be derived from L. seeligeri through a homologous recombination event involving this locus.
Positive selection. None of the 10 loci analyzed showed evidence for positive selection with the overall test for positive selection (75) or background on the positive selection analysis, indicating that the loci evolved neutrally or under negative selection (see File S1 in the supplemental material for results). Weak evidence for branch-specific positive selection was only found for pbpA in the L. seeligeri clade (P ϭ 0.04); as no correction of P values for multiple comparisons was performed, this is likely a false positive (the Bonferroni corrected P value cutoff would have been Ͻ0.007, corrected for the fact that seven branch-specific analyses were performed for pbpA). Phylogenetic reconstruction. The ML analysis of the concatenated sequences of the 10 loci analyzed resulted in a wellsupported and highly resolved phylogenetic tree of Listeria (Fig. 3) . All six species included here formed well-supported clades (bootstrap support [BS], 100%) in the ML tree based on the concatenated gene and were generally well supported by the individual gene trees. For example, the L. innocua and L. welshimeri clades received significant Bayesian support in all 10 individual gene trees, while the L. seeligeri and L. marthii clades received significant Bayesian support in 9 out of 10 gene trees. Interestingly, while isolate ATCC BAA-139, which was originally deposited with ATCC as L. ivanovii, is now listed by ATCC as L. ivanovii subsp. ivanovii, trees for all 10 loci group this isolate into the L. ivanovii subsp. londoniensis clade (Fig.   3 ), suggesting that this isolate represents L. ivanovii subsp. londoniensis. The phylogenetic placement of atypical hemolytic L. innocua isolates in the L. innocua clade was confirmed by our analysis and is consistent with previous studies (31, 68) .
L. monocytogenes was the species that was the least well supported by the individual gene trees; while no contradicting gene trees were found, the monophyly of this species was only significantly supported (posterior probability [PP], Ͼ95%) by 5 out of 10 gene trees (sigB, polC, rarA, lmo1555, and addB). Significant Bayesian support for branches that interrupted the monophyly of L. monocytogenes was found for two gene trees, including (i) the sigB gene tree (see Fig. S3a in the supplemental material), which places L. monocytogenes lineage IV in a sister group position to L. innocua, suggesting an ancient recombination event between the ancestor of lineage IV and the ancestor of L. innocua, and (ii) the lmo2763 gene tree (see Fig.  S3b ), which nested L. marthii sequences within L. monocytogenes lineage II sequences, suggesting a recent recombination event (as the divergence between the L. marthii allelic types and the phylogenetically most closely related L. monocytogenes lineage II allelic types is lower than the overall divergence between L. monocytogenes lineage II allelic types). A high bootstrap support (Ͼ85%) was found for all L. monocytogenes lineages (lineages I, II, III, and IV), which further supports the observation that L. monocytogenes can be subdivided into four separate evolutionary lineages (72) .
In the lmo0490 tree (see Fig. S3c in the supplemental material), L. ivanovii subsp. ivanovii and L. ivanovii subsp. londoniensis form two distinct clusters which are nested between L. seeligeri isolates, suggesting two individual recombination events between L. seeligeri and L. ivanovii. The STRUCTURE analysis, however, suggested that only one recombination event took place between the most recent common ancestor (MRCA) of L. ivanovii subsp. londoniensis and L. seeligeri. MLST data also allowed for characterization of phylogenetic relationships between the different Listeria spp. Although the phylogram constructed (Fig. 3) is midpoint rooted and therefore may have an arbitrary rooting position, the majority of the BEAST analyses (i.e., the analyses for 6 out of 10 loci: prs, ldh, innocua and the L. marthii/L. monocytogenes clade). While L. grayi was not included in our study reported here, due to its extremely distant relationship to all other Listeria spp., we also performed a phylogenetic analysis which used the sequence data for nine loci for all isolates included here as well as for one L. grayi isolate for which a genome sequence has recently become available (see Fig. S4 in the supplemental material); the lmo0490 locus was not included in this analysis because it was not present in the available L. grayi genome sequence. The resulting phylogeny clearly showed the distant relationship between L. grayi and all other Listeria spp. (see. Fig. S3 in the supplemental material).
The r statistic showed that 7 of the 10 loci did not evolve in a clocklike manner, which indicates that these genes did not evolve at the same approximate mutation rate in the entire tree (14) . Three loci (sigB, polC, and rarA) have a posterior probability density that includes 0, which indicates that these genes possibly have a clocklike mutation rate. A clocklike mutation rate could only be confirmed, through comparison with a strict clock model using the Bayes factor, ; the height of the color indicates the posterior probability (indicated on the y axis) that a given SNP is derived from a given ancestor. The numbers on the x axis represent the loci where these SNP alleles are found (1, addB; 2, ldh; 3, lmo0490; 4, lmo1555; 5, lmo2763; 6, pbpA; 7, polC; 8, prs; 9, rarA; 10, sigB).
VOL. 76, 2010 EVOLUTION AND PHYLOGENY OF LISTERIA 6093 for sigB. A putative reason for a nonclocklike mutation rate in some loci could be the presence of (homologous) recombination in all loci but sigB. As only a few of the 10 loci showed evidence for recombination (e.g., lmo0490), more likely explanations for this finding include (i) differences in generation time between clades and (ii) differences in mutation rates between clades. Differences in mutation rates between clades are usually associated with changes in biological function or selective pressure (73) ; hence, a possible explanation for clocklike evolution of sigB may be that this gene is essential in the stress response and survival and thus is under negative selection in all clades (signals for positive selection may have been too weak to be detected by the analyses performed here). Reconstruction of the evolutionary history of the prfA cluster in Listeria. The isolates tested here included 29 L. monocytogenes isolates (all with the prfA cluster), 12 L. innocua isolates (2 with and 10 without the prfA cluster), 3 L. marthii isolates (all without the prfA cluster), 7 L. welshimeri isolates (all without the prfA cluster), 7 L. seeligeri isolates (6 with and 1 without the prfA cluster), and 8 L. ivanovii isolates (all with the prfA cluster). For all L. seeligeri isolates, presence of the prfA cluster was determined using a PCR assay for the L. seeligeri hly gene. For the other isolates, the presence of the hly gene could be inferred by a positive CAMP reaction or by examination of the genome sequence. Information on prfA cluster presence/absence and the 10-gene ML tree was used to reconstruct the evolutionary history of the prfA cluster in Listeria. Based on parsimony criteria the observed contemporary pattern of prfA cluster distribution (Fig. 4) could be explained by either five gains or five losses of this cluster. An approach using parsimony criteria did, thus, not provide an unambiguous scenario for the evolutionary history of the prfA cluster in Listeria. Stochastic character mapping (Fig. 4) , an approach that takes branch lengths (an approximate of evolutionary time and therefore the probability of a character to change) into account, suggests a scenario where the MRCA of Listeria had a prfA cluster as the most likely scenario; in this scenario, the MRCA of L. marthii and L. welshimeri lost the prfA cluster, while the MRCA of L. innocua had the prfA cluster, which was subsequently lost at two occasions during the evolutionary history of L. innocua. Under this scenario, the nonhemolytic L. seeligeri would have lost the prfA cluster recently.
To further probe the evolution of the prfA cluster, we also constructed an ML tree based on the hly sequences available for 10 isolates included in our analyses reported here (four L. monocytogenes isolates, two hemolytic L. innocua isolates, a representative of each of the subspecies of L. ivanovii, and two hemolytic L. seeligeri isolates; these analyses resulted in a tree with a likelihood score of Ϫln5,702.1579 (Fig. 5) . The topology species-like lineages. In addition to L. monocytogenes lineages I and II, which have been well documented in a large number of studies (11, 45, 48, 51, 54) , our data also allowed further insights into the taxonomy and evolution of L. monocytogenes strains that have previously been classified as either lineage III (including IIIA, B, and C) (30, 53, 54) or lineages III and IV (72) . Strains classified into these lineages (i) are, overall, rare and appear to be associated with animal hosts, even though they are also isolated from humans (23, 30, 55) ; (ii) represent serotypes 4a and 4c as well as 4b (even though these strains are distinct from the more common lineage I 4b strains [44, 55] ); (iii) are genetically diverse; and (iv) show evidence for more common recombination compared to lineage I and II strains. Our MLST data show that isolates previously grouped into these isolates clearly represent two distinct lineages, which were named III (representing lineages previously designated as IIIA and C [55] ) and IV (previously designated as IIIB [55] ), consistent with a previous study by Ward et al. (72) . Our findings thus overall support that L. monocytogenes represents at least four distinct subspecies-like lineages which, based on a variety of previous studies (23, 30, 71) , may also differ in their ecology. Even though isolates were selected to represent diverse and distinct strains within each species (based on sigB allelic type data for Ͼ650 isolates), no clear subspecies-like clades were identified in our study for the other Listeria spp.; characterization of larger and more geographically diverse isolate sets by MLST may reveal new clades and subspecies in other species, however, particularly if isolates are obtained from sources and hosts not represented or underrepresented in our isolate collection. For example, while we did not identify distinct lineages within L. seeligeri, a recent study on isolates obtained in Upper Franconia, Germany, identified two distinct L. seeligeri clades (41) . Our data clearly support a basal split of the core species in the genus Listeria into two main clades, including (i) a clade consisting of L. seeligeri and L. ivanovii and (ii) a clade consisting of L. welshimeri, L. innocua, L. marthii, and L. monocytogenes. Phylogenetic analyses based on 9 of the 10 genes analyzed here, furthermore, showed that L. grayi is very distinct from the other Listeria spp. and represents a very distant separate clade, consistent with a number of other studies (61, 69) , including a proposal that L. grayi should be reclassified as a separate genus (63) . While a number of previous analyses (61, 69) have supported that the core Listeria spp. represent two main clades, consistent with those defined here, most of these studies were only based on a few genes or genes that are in close chromosomal proximity (e. welshimeri with L. seeligeri and L. ivanovii, based on a phylogenetic analysis of 16S rRNA, 23S rRNA, iap, prs, vclB, and ldh. However, the majority of loci in these studies (61, 69) either flank the prfA virulence cluster (prs, vclB, and ldh) or represent a potential virulence gene (iap), which also appears to show a considerable amount of deletions (8) , and thus they may not be reliable phylogenetic markers. We thus conclude that our results from a phylogeny with 10 genes with no evidence for positive selection and only a few genes with evidence of recombination likely allowed for accurate reconstruction of the phylogenetic position of L. welshimeri, particularly since the grouping of L. welshimeri found here is also supported by a 100-gene phylogeny constructed using genome sequences for six Listeria spp. isolates representing all six species studied here (unpublished data). 
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